The purpose of this paper is to describe a novel noncoherent receiver architecture to improve the error performance of impulse-radio ultrawideband (IR-UWB) in bioimplanted devices. IR-UWB receivers based on energy detection are popular in biomedical applications owing to the low implementation cost/complexity and the high data rates that UWB can potentially support. Implanted devices suffer from severe frequencydependent attenuation due to human blood and tissues, while most receivers in the literature are designed based on commonly used indoor wireless channel models. Method: We propose a novel receiver design that is based on judiciously combining the energies in different bands of the signal spectrum with a weighted linear combiner. We derive the optimum coefficients of the combiner. Results: The receiver retains almost all of the advantages of a conventional noncoherent detector, but can also compensate for attenuation properties of blood/tissue. The receiver design can be adapted to different implantation depths by simply varying the combiner weights. The receiver can also be considered to be a simple form of equalizer for noncoherent reception. Our simulations show about 2-dB improvement over other commonly used receivers. Significance: This receiver design is significant in that it can enhance critical battery life of implanted transmitters.
I. INTRODUCTION

W
IRELESS communication is being increasingly used in biomedical applications [1] today, ranging from passive monitoring of vital signs using sensors to computer-aided surgery [2] . The transceivers may be wearable or implanted and in many cases require a bidirectional communication link with an outside unit. Wireless links have been used in telemetric monitoring of gastrointestinal and esophageal tracts [3] , [4] , cardiovascular pressure [5] , lung activity and respiratory issues, electro-and echocardiograms [6] , and cortical signals. Blue- tooth, zigbee, and ultrawideband (UWB) are the most commonly used wireless communication standards in biomedical applications. Some applications require only the physical layer while others may require medium access and network layers as well. Brain-computer interfaces (BCI) are generating a lot of interest among researchers today. In BCI, electrocorticographic (ECoG) signals are sensed using implanted electrodes and transmitted to an outside unit for further processing [7] - [9] . With recent advances in neuroscience, sensed ECoG signals can be used to bypass the spinal cord and induce plasticity and mobility in patients with spinal cord injuries. The ECoG data are collected using up to 64 channels of sensory electrodes, sampled, and quantized. It is predicted that by 2018, neural engineering would have advanced so much that the required bidirectional throughput between the implanted sensors and an external controller unit could exceed 100 Mbps [10] . Bluetooth and ZigBee cannot serve such high throughput requirements. The only standard that can potentially be used is UWB. Furthermore, the communication system must be highly power efficient as recharging batteries in brain-implanted devices can be challenging (even with emerging technologies such as wireless charging).
UWB radios have been used in other biomedical applications in the past [11] . For example, UWB transmitters in "camera pills" [12] that can be swallowed by patients can transmit good quality video [13] to the outside. Other biomedical applications for UWB can be found in [14] and references therein. The primary advantages of UWB are the wide bandwidth (3.1-10.6 GHz) and simplicity of the transmitter for impulse radio (IR) [15] based UWB. Oscillators and mixers are not necessary, greatly reducing chip area and power consumption. Transmitted reference (TR) UWB systems [16] transmit a reference pulse for each modulated data pulse; the reference pulse is used to demodulate the data pulse. Channel estimation is thus eliminated, reducing complexity. Other noncoherent alternatives [17] , [18] such as energy detection (ED) can be used to further reduce complexity. ED receivers are very popular in biomedical applications owing to the much lower implementation cost and power consumption. Synchronization requirement in ED receivers is defined by the baud rate rather than the pulse repetition rate, which can be orders of magnitude higher in other receivers.
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are vastly different from those in air or free space [11] ; and 2) commonly used IR-UWB noncoherent receivers are based on free-space propagation characteristics and are highly inefficient in implanted transceivers. This correspondence is motivated by the need for an improved noncoherent IR-UWB receiver for implantable devices.
In this paper, we modify the noncoherent ED receiver (from [18] ) to improve error performance in implanted devices. The modification compensates for the frequency-dependent attenuation of the signal with a simple combiner. The modified receiver retains all the advantages of noncoherent reception. The sampling rate at the receiver is the same. Time synchronization requirement is also similar. The modified design can be considered as a form of equalization of the severely distorted signals. The design is readily adaptable to different implantation depths and propagation characteristics by simply changing coefficients of the combiner. We show simulation results that demonstrate BER performance improvement as a result of the modified receiver.
The remainder of this letter is organized as follows. In Section II, we describe the system model of the proposed IR-UWB transceiver. In Section III, we derive a formula for the bit error probability of the receiver. In Section IV, we derive the optimum coefficients of the combiner. In Section V, we present simulation results. Finally, in Section VI, we conclude the manuscript with some observations. 
The transmitted signal propagates through an unknown channel with impulse response h c (t) and is received at the receiver in the presence of additive white Gaussian noise n(t) with twosided PSD equal to N 0 /2 W/Hz. The received signal r(t) can be written as
where * denotes convolution. The block diagram of a basic ED-based noncoherent receiver (used in [18] among others) is shown in Fig. 1 . Stated in words, the receiver estimates energies in the first and second halves of the bit duration. The detector decidesb i = 0 (b i = 1) if the energy in the first half (second half) is the larger quantity. The proposed IR-UWB receiver is shown in Fig. 2 . The signal frequency band is divided into M subbands W 1 , . . . , W M , that span the UWB spectrum. A bank of bandpass filters H m (f ) (each of bandwidth B) is used for this purpose as shown in Fig. 2 . The signal at the output of the mth subband filter is r m (t). The energies in the two halves of the bit duration are determined separately for each subband. We use the notation R i,0,m and R i,1,m , respectively, to denote the energies in the first and second halves of the ith bit duration at the output of the mth subband filter. Then
The energies R i,0,m and R i,1,m are then linearly combined to get quantities R i,0 and R i,1 as
Finally, the detector makes a decision on the estimateb i aŝ
Implementation complexity: In most BCI applications, the receiver is outside the patient. Since the transmitter is not affected by the proposed design and most implanted devices have transmitters only, the proposed system can be implemented in practice. Since ED receivers are relatively insensitive to synchronization errors of up to a few pulses, the bandpass filters have the same relaxed synchronization requirement. From our simulations, we observed that even small values of M (such as 2 or 4) can give significant improvement in error performance. This could be valuable for battery constrained implanted transmitters.
Furthermore, if weights a m are not expected to vary much, the filter-bank and combiner can be implemented as a single analog filter (an equalizer) preceding a single integrator. The advantage of implementing the receiver in the filter-bank and combiner form is the reconfigurability of the weights.
A. Likelikood Ratio Test
A linear combiner is obviously preferable in practice owing to the simplicity of its implementation. In this section, we will show that at low signal-to-noise ratio (SNR), the linear combiner is also the optimum combiner. We will drop the bit index i from analysis here for simplicity of exposition. functions are
where I P −1 is the modified Bessel function of order P − 1, and E m s are defined in Section III-A.
The optimum decision rule is one that compares the log-likelihood ratio:
and decides in favor of the higher probability hypothesis. The Bessel function above makes further simplification intractable. However, if one uses the approximation I k (z) ≈ z 2 k for small z, the likelihood ratio simplifies to the decision statistic m E m (R 1,m − R 0,m ), i.e., a linear combiner with a m = E m . It is to be noted that the Bessel function approximation is valid only in the low-SNR case.
III. ERROR PROBABILITY ANALYSIS
A. Effect of In-Body Attenuation
Let S(f ) be the PSD of the transmitted IR-UWB signal. Let G(f ) be the frequency-dependent power attenuation of body tissue. Attenuation G(f ) has been studied experimentally and analytically by authors in [19] and [20] among others. It is related to H c (f ) as G(f ) = |H c (f )| 2 . The received signal power over the mth subband can be calculated as
and the received signal energy per bit can be obtained using the data rate R as 
B. Decision Statistics
It can be shown that if b is the transmitted bit (and b its complement)
where, n 1,m and n 2,m are independent noise random variables with variances P N 
where n is a single noise sample with variance
Finally, the detector will decideb = 1 if R ≥ 0 andb = 0, else.
IV. OPTIMUM COMBINER COEFFICIENTS
A. Optimization Criterion
From (13), the error probabilities P (b = 1|b = 0) and P (b = 0|b = 1) are
In general, the above probabilities can only be solved numerically. To solve for the optimum combiner coefficients, further approximations and simplifications are in order.
If the time-bandwidth product MBT b is large, further analysis can be significantly simplified by invoking the Central Limit Theorem. Noise samples n at the detector input can be approximated by a Gaussian random variable [21] . If noise n is Gaussian, the error probabilities in (15) are then equal to [22] :
Since the Q function is a monotonically decreasing function, P e can be minimized by maximizing the argument of the Q function [22] . The optimum combiner is given by 
If we let D be the M × M matrix defined by E T E, the problem can be represented as
In general, this optimization requires solution to the equation
where l is a constant (the Lagrangian). However, in this case, a simpler technique exists as the matrix C is a diagonal matrix. The optimum combiner coefficients are derived in Appendix B; the solution is
Finally, the BER of the communication link with the optimum combiner and the Gaussian assumption is
V. RESULTS AND DISCUSSION
We performed computer simulations to numerically determine the performance improvement when the modified ED receiver is used. We used the scenario where the transmitter is implanted just below the cerebellum [23] in our simulations since this seems to be better than other locations. The average received signal power was calculated based on signal propagation characteristics of the medium. It is to be noted that the transfer function H c (f ) varies greatly on the location of the implant since different locations result in different depths of bone, fat, skin, and brain matter the signal propagates through. Finally, we have assumed that the channel is static [24] , [25] due to the lack of mobility.
Our simulations used only the PSD of the received signal and not the signaling waveform itself (in either the time or the frequency domains). This way, the exact waveform used can be ignored from the analysis, making it more suitable for ED receivers that are based on energy measurements only. We assumed the data were uncoded. We used the band from 4.0 − 6.0 GHz for these simulations since higher frequencies are attenuated severely and the performance improvement, even though numerically superior, is not useful in practice. We used banks of M = 2, 4, and 8 filters in these simulations. Results are shown as a function of the input SNR before attenuation. Finally, we have ignored intersymbol interference since it has not been observed to be an issue up to 450 Mbps [19] in UWB systems.
In Fig. 3 , we have shown BER performances of conventional ED receiver [18] , TR receiver [16] , and the proposed receiver with M = 2, 4, and 8 subbands. The simulations used P = 48 degrees of freedom over a total bandwidth of 2 GHz. We observed performance improvements of up to 2 dB over conventional ED and 3 dB over TR receivers at low-to-moderate SNR. We also observed that the performance improvement increased by about 0.8 dB for every GHz of bandwidth used. However, the practical value of using a bandwidth greater than 2 GHz is limited by the severe attenuation of these frequencies. Hence, conventional ED receivers provide better performance when the integrator bandwidth is limited to about 2 GHz.
In Fig. 4 , we have compared the error probability values obtained from simulation with those from the Gaussian approximation for different values of P , the time-bandwidth product. We observed a difference of 1 dB at the P value of 48 and about 2 dB when P is reduced to 24.
In Fig. 5 , we have compared the synchronization rates of IR-UWB with conventional ED receivers and with the proposed combiner. As expected, the proposed combiner increases (nearly doubles) the speed of synchronization. This can be attributed to the higher SNR at the combiner output. Results are shown after one thousand trials at each preamble (sequence of ones) length and we used four timing phases in a symbol duration for these simulations.
VI. CONCLUSION
In this paper, we proposed a novel technique for noncoherent reception of IR-UWB. The receiver was designed specifically for the frequency-dependent attenuation exhibited by biological tissue and fluids. By appropriately choosing combiner weights, energies in highly attenuated frequency bands contribute relatively less to the overall decision statistic. Our receiver gave nearly 2-dB improvement in error performance over the conventional receiver. This can significantly enhance the battery life in implanted brain sensors. Since body fluids and tissue severely attenuate electromagnetic signals at frequencies above 6 GHz, implantation may result in hardly any received signal energy at these frequencies. For applications where the implants are deep inside the body, it may be better to redesign the transmitter pulse (or use a shaping-filter) to restrict the energy transmitted above 6 GHz since it is unlikely to impact receiver performance. 
In PPM, only one of the two integrals has the signal (with noise), while the other has only noise. In the absence of the signal
Since n m (t) is the noise at the output of a fixed bandwidth (B Hz) filter, it can be sampled at 2B samples per second. Since the integration interval is T b /2, there are 2P = BT b samples n j . From Parseval's theorem
The right-hand side of the above equation is a Chi-squared distributed random variable with 2P degrees of freedom. Hence, the variance of this term is P N 
The matrix F is invertible as long as N 0 > 0, which can be assumed to be true in any practical scenario. 
